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METHOD FOR ADAPTIVE BIT ASSIGNMENT AND FINE GAIN SETTING IN A MULTI- 
CARRIER COMMUNICATIONS SYSTEM 



RELATED APPLICATIONS 

This application claims priority from U.S. Provisional Patent Application Number 
60/264,331, (Attorney Docket No. 52637-0035) entitled "A METHOD FOR ADAPTIVE BIT 
ASSIGNMENT AND FINE GAIN SETTING IN A MULTI-CARRIER COMMUNICATIONS 
SYSTEM," filed January 25, 2001, and naming Andrew Storm as inventor. The contents of the 
aforementioned priority application are hereby incorporated by reference in their entirety for all 
purposes. 

FIELD OF THE INVENTION 

The present invention relates to multi-carrier communications system, and more 
specifically, to an approach for adaptive bit assignment and fine gain setting in a multi-carrier 
communications system. 

BACKGROUND OF THE INVENTION 

There is a continuing need for higher performance digital data communications systems. 
Perhaps nowhere is this need more evident than on the worldwide packet data communications 
network now commonly referred to as the "Internet." On the Internet, the "richness" of content is 
constantly increasing, requiring an ever-increasing amount of bandwidth to provide Internet 
content to users. As a result of this increased demand for bandwidth, significant efforts have 
been made to develop new types of high-speed digital data communications systems. For 
example, optical fiber based networks are being built in many large metropolitan areas and 
undersea to connect continents. As another example, new wireless protocols are being developed 
to provide Internet content to many different types of small, portable devices. 

One of the significant drawbacks of deploying many of these new types of high-speed 
digital data communications systems is the high cost and amount of time required to develop and 
build out the new infrastructure required by the systems. Because of these high costs, many new 
high-speed digital data communications systems are initially deployed only in densely populated 
areas, where the cost of building out the new infrastructure can be quickly recovered. Less 
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populated areas must often wait to receive the new communications systems and some rural areas 
never receive the new systems where it is not cost effective to build the infrastructure. 

For several reasons, significant efforts are being made to utilize conventional twisted pair 
telephone lines to provide high-speed digital data transmission. First, a significant amount of 
twisted pair telephone line infrastructure already exists in many countries. Thus, using 
conventional twisted pair telephone lines avoids the cost of building expensive new 
infrastructure. Second, conventional twisted pair telephone lines extend into customers' homes 
and businesses, avoiding the so-called "last mile" problem. As a result of recent development 
efforts in this area, several new communications protocols, such as ADSL, G.Lite and VDSL, 
have been developed for providing high-speed digital transmission over conventional twisted pair 
telephone lines. 

Recent standards for digital subscriber line services such as ADSL and G.Lite use discrete 
multi-channel modulation (DMT) to implement multi-carrier communications systems. DMT is 
also under consideration for Very high speed Digital Subscriber Line (VDSL) services. By 
splitting the available bandwidth into a number of independently operating, narrow band 
channels (alternatively referred to as "tones") such systems achieve high performance over 
channels with widely varying spectral characteristics. Each channel effectively operates as a 
QAM system. The DMT transmitter splits the input data stream into a number of sub-streams, 
and encodes each sub-stream into a sequence of points in a QAM constellation. The maximum 
number of bits that may be assigned to each channel is determined by the prevailing signal to 
noise ratio (SNR) on that channel. In order to obtain equal bit error rates on all channels, 
provision is also made for fine adjustment of the transmit power. The need thus arises for 
methods that assign a number of bits to each channel, to either achieve a given total number of 
bits or to maximize the total number of bits, and to perform the fine gain adjustment. 

Each channel of the multi-carrier system operates as a QAM (Quadrature Amplitude 
Modulation) system. In a QAM system with a constellation C b consisting of 2 b points at odd 

integer values (n, m) , scaled by a factor d , and with additive Gaussian noise having power a 2 , 

the symbol error probability is given by P € = 4Q(z) with z = 4ld l{ya) . The number yis called 
the margin and the function Q is the tail area of the standard normal distribution: 
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The margin operates as a guard when there is uncertainty about the operating conditions. 
If the system is required to operate at a symbol error probability P e with a margin of y 2 , then the 
error probability should be P e when the noise power is a factor y 2 higher than its actual level 

2 

In addition, the constellation power is p = 2~ b d 2 Y\ (n 2 + m 2 ) = -d 2 c(b) . The shape of the 

Cb 3 

constellation determines the function c(b) : typically c(b) = a b 2 b -L For example, if b is even, 
c(b) = 2 b -1 for a square constellation with 2 b points. Eliminating d yields 

^Zl c (b) = ^- = SNR. 
3 <y 

This rearranges as 

, M SAW 

The quantity T = z 2 y 2 /3 is called the SNR gap. In the presence of coding, the SNR gap (or 
equivalently, the margin) is reduced by the amount of the coding gain. 

Given an operating margin and a desired symbol error probability, one determines a value 
for z and thus for T . For example, if P e = 10" 7 and y = 6dB then z = 5.45 and 

T = 6 + 9.96 = \5.96dB in the absence of coding. Given a value for the SNR and the SNR gap, 

one obtains a value for the number of bits that may be transmitted on the channel by inverting 

c(b) = SNR I T and rounding b down to the nearest integer. This function may be conveniently 

implemented in a lookup table. 

Determining b in this way yields the maximum number of bits that can be transmitted on 

the channel without fine gain adjustment. If an additional gain g is applied at the transmitter, and 

the SNR is measured without taking account of the gain, then in linear scale 

2 SNR _ 
8 — = c(b). 

Alternatively, in logarithmic scale 

g + SNR-r = c(b). 

Given values for the number of bits b and the gain g , this equation determines the value of the 
SNR gap and thus the probability of a symbol error. 
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Conventional approaches attempt to minimize the variation in the probability of error 
across channels. This would be a trivial task if the gain on each channel could be arbitrarily 
chosen. However, system power constraints limit the aggregate gain across all channels, and 
communications standards sometimes impose further constraints on the individual gains. There 
may also be constraints on the number of bits. For example, there may be a minimum and a 
maximum value specified for the number of bits on each channel, and the total number of bits 
may be constrained to be a multiple of eight if information is transmitted in bytes. Also, a 
telecommunications provider may sell a service at a rate much less than the carrying capacity of 
the channel. In this case the total number of bits is specified in advance. Based on the foregoing, 
it is desirable to adaptively assign bits and gains to channels to minimize variations in margins 
between channels. 

SUMMARY OF THE INVENTION 

According to one embodiment of the invention, bits are assigned to channels of a discrete 
modulation communications system. A first set of channels and a second set of channels are 
selected from a plurality of channels in the communications system. Each set of channels may 
include one or more channels. The first and second set of channels are selected in order to re- 
assign one or more bits from the first set of channels to the second set of channels so as to cause a 
performance characteristic of one or more channels in the communications system to improve. 

According to another embodiment, bits are assigned to channels of a discrete modulation 
communications system. One or more bits from a first channel in the plurality of channels are re- 
assigned to a second channel, and a first gain from the first channel is allocated to the second 
channel, in response to a determination (i) that a difference between a performance characteristic 
of the first channel and of the second channel will be reduced, and (ii) that re-assigning the one or 
more bits from the first channel to the second channel satisfies a bit constraint of the 
communications system. 

In an embodiment, a second determination may be as to whether re-assigning a second 
gain from the first channel to the second channel will (i) reduce a difference between a 
performance characteristic of the first channel and of the second channel, and (ii)satisfy a gain 
constraint of the communications system. The second gain may be re-assigned from the first 
channel to the second channel in response to making the determination, without re-assigning a bit 
on the first channel or on the second channel. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments are illustrated by way of example, and not by way of limitation, in the 
figures of the accompanying drawings and in which like reference numerals refer to similar 
elements. 

FIG. 1 illustrates a method for adaptive bit assignment and fine gain adjustment in a 
multi-carrier communications system, under an embodiment of the invention. 

FIGS. 2A-2C illustrate a method for identifying and implanting best and worst margin 
type swaps for adaptive bit assignments and fine gain settings, under an embodiment. 

FIG. 3 illustrates a method for performing the unbalanced search and swap, under an 
embodiment of the invention. 

FIG. 4 illustrates a communications system for adaptively assigning bits and gain, under 
an embodiment of the invention. 

FIG. 5 illustrates a communications system for adaptive bit and fine gain value FIG. 5 is a 
block diagram that depicts a computer system upon which an embodiment of the invention may 
be implemented. 

DETAILED DESCRIPTION OF THE INVENTION 

In the following description, for the purposes of explanation, specific details are set forth 
in order to provide a thorough understanding of the invention. However, it will be apparent that 
the invention may be practiced without these specific details. In other instances, well-known 
structures and devices are depicted in block diagram form in order to avoid unnecessarily 
obscuring the invention. 

Various aspects of the invention are described hereinafter in the following sections: 1.0 
Overview; 2.0 Search State Determination; 3.0 Worst and Best Margin Bit/Gain Allocation 
Processes; 4.0 Unbalanced Margin Bit/Gain Allocation Process; 5.0 Communication System For 
Adaptive Bit Assignment and Fine Gain Value Assignment; and 6.0 Implementation Systems. 

1.0 OVERVIEW 

Embodiments of the invention provide for adjusting the bit and gain allocations on each 
channel of a communications system for purpose of improving a performance characteristic of 
one or more channels in the communications system. The adjustment to the bit and gain 
allocations maybe done to cause average the performance characteristic between two or more 
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channels to be averaged. In one embodiment, the adjustment to the bit and gain allocations may 
reduce a difference between the best margin and the worst margin of two or more channels in the 
communications system. 

As used herein, the term set refers to one or more. 

A multi-carrier communications system may have active channels, inactive channels, and 
dormant channels. Active channels are assumed to always carry data, unless the channel fails. 
The purpose of the dormant channels is to serve as possible carriers of data during operation. 
That is, during operation channels may be moved between the active and dormant channels. 
Inactive channels are those that are unworthy for data carriage. As such, inactive channels carry 
no data and have zero gain. 

The signal to noise ratio on channel k is SNR k . This is assumed to be an actual measured 

SNR. The method of measuring the SNR is not described here. It is assumed that the SNR does 
not include the fine gain factor. 

The minimum number of bits that may be carried on an active channel is b^ , and the 
maximum number is , where 0<b ndn < b^ . An inactive channel is indicated by b k = 0 . 

The minimum value of the gain on an active channel is , and the maximum value 

is , where 0 < g^ < 1 < g^ . The gain on an inactive channel may be set to 0. 

Certain embodiments of the invention may be described in terms of mathematical 
operations, with some suggested implementations. Use of mathematical operations is intended to 
be exemplary and separate from many concepts of the invention. 

2.0 SEARCH STATE DETERMINATION 

FIG. 1 illustrates a method for adaptive bit assignment and fine gain adjustment in a 
multi-carrier communications system, under an embodiment of the invention. According to one 
embodiment, changing bit assignments and fine gain adjustments are continuously performed in 
order to compensate for changes in the communications system while it is in operation. 

In step 1 10, a search state for testing a bit and gain allocation is identified. Each search 
state refers to a process in which pairs of channels in the communications system are selected for 
bit re-assignment and gain adjustment, or alternatively for gain-only adjustment. In one 
embodiment, three processes are used together. A worst margin process performs a bit and/or 
gain swap between the channel with the worst margin in the communications system and one of n 
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possible channels having the best margins in the communications system. A best margin process 
performs a bit and/or gain swap between the channel with the best margin in the communications 
system and one of n possible channels having the worst margins in the communications system. 
An unbalanced search performs a transfer gain from a channel with a high gain to a channel with 
a low gain. 

In one embodiment, only one of the three processes is used at any one time to compare 
and adjust the bit and/or gain assignments. The process in use selects a pair of channels for a bit 
and/or gain assignment. The particular pair of channels selected depends on the process in use. 

The determination of which process to use in step 110 may be made based on one of two 
factors. If the method described is being initiated, then one of the processes is designated to be 
the starting process. In an embodiment, the worst margin search process is designated to be the 
starting process because it arranges for more poor channels to be adjusted (by bit and/or by gain) 
in order to improve the performance characteristic of those channels. If the method described is 
in progress, then the last process executed determines the next process. One process may be 
executed until all pairs of channels that can be adjusted using that process are in fact adjusted. 
Then the process is complete. 

Once a process is complete, the process may transition to another process. The processes 
may be implemented in a particular order. For example, one embodiment provides that a worst 
margin search is performed, next a best margin search, an unbalanced search, and then repeat 
beginning with the worst margin search. 

Referring to FIG. 1, if the determination in step 1 10 is that a worst margin search state 
exists, then step 120 provides that another determination is made as to whether a swap can be 
performed using the worst margin search state. If the determination step 120 is positive, then the 
conclusion is that at least one pair of channels exists in the communications channels that satisfy 
the conditions for making bit and/or gain swaps using the worst margin search state. Step 122 
then provides that a bit and gain swap, or a gain-only swap, is performed using the worst margin 
search state. Then step 1 10 is repeated, with the search state designated as the worst margin 
search state. 

If the determination in step 120 is negative, then the conclusion is that no pairs of 
channels exist where a bit and/or gain adjustment can be made using the worst margin process. 
Next, step 124 provides that the search state is set to the best margin state. Then step 1 10 is 
repeated, with the search state designated as the best margin search state. 
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If the determination in step 1 10 is that the search state is the unbalanced search state, then 
step 130 makes a determination as to whether a gain swap can be performed using the unbalanced 
search state. If the determination in step 130 is positive, step 132 provides that a gain swap is 
performed using the unbalanced search state. The search state remains as the unbalanced search 
state. The method is then repeated with step 1 10. 

If the determination in step 130 is negative, then the conclusion is that there are no pairs 
of channels in which a gain swap can be accomplished using the unbalanced search state. Step 
134 provides that the search state is set to the worst margin search state. Then the method is 
repeated, beginning with step 1 10. 

If the determination in step 1 10 is that a best margin search state exists, then step 140 
provides that another determination is made as to whether a bit and gain swap, or a gain-only 
swap, can be performed using the best margin search case. If the determination step 140 is 
positive, then the conclusion is that at least one pair of channels exists in the communications 
channels that satisfy the conditions for making bit and/or gain swaps using the best margin 
process. Step 142 then provides that a swap (bit and/or gain) is performed using the best margin 
search state. Then step 1 10 is repeated, with the search state designated as the best margin search 
state. 

If the determination in step 140 is negative, then the conclusion is that no pairs of 
channels exist where a bit and/or gain adjustment can be made using the best margin search 
process. Next, step 144 provides that the search state is set to the unbalanced search state. Then 
step 1 10 is repeated, with the search state designated as the unbalanced search state. 

As stated, a method as described with FIG. 1 may be continuously repeated over a time 
duration, at least until desired margin levels are reached. A method such as described with FIG. 1 
may also be initiated if, for example, changes to the communications system or its channels 
require bit re-assignment and fine gain adjustment. 

3.0 WORST AND BEST MARGIN BIT/GAIN ALLOCATION PROCESSES 

FIGS. 2A-2C illustrate a method for identifying and implanting best and worst margin 

type swaps for adaptive bit assignments and fine gain settings, under an embodiment. Portions of 

the worst margin search and the best margin search may be shared or similar to one another. 
FIG. 2A illustrates initial steps for performing either a worst margin or best margin 

process for adjusting bits and/or gain to channels of a communications system. Prior to executing 
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a method as described with FIG. 2, variables used in the method are initialized. In one 
embodiment, a flag ("bSwapFound") that indicates whether a bit swap using either the worst or 
best margin search process is feasible. The value of this variable after the method is executed 
indicates whether the worst/best margin search processes should be performed. Another flag 
("bSearchComplete") indicates whether all channels selected for the particular search state 
(referred below as n) have been checked. In addition, minimum permissible gain change 
parameters ("MinGainDelta") and maximum permissible gain change parameters 
("MaxGainDelta") are identified in order to determine at later steps whether gain swaps should 
be performed. An index parameter ("index") is initialized and keeps track of the channels being 
compared. 

In step 202, a number of channels n are identified for making a comparison. This value 
may be the result of user-input. The number of channels n will be compared with the channel 
with the worst margin if the search state is the worst margin search state. Similarly, the number 
of channels n will be compared with the channel with the best margin if the search state is the 
best margin search state. 

In step 204, a decision is made as to whether the search state is the worst margin or the 
best margin search state. As mentioned with FIG. 1, this decision may be known based on the 
search state specified with the previous execution of bit and/or gain adjustment. Alternatively, the 
search state may be determined based on a priority or order of execution. For example, the worst 
search state process may be executed before the best search state process in order to maximize 
the efficiency of the communications system. 

If the determination of step 204 is that it the method is in the worst search state, step 206 
provides that N channels are identified with the best margins. Step 208 provides that the channel 
with the worst margin in the communications system is identified. 

If the determination of step 204 is that it the method is in the best search state, step 210 
provides that N channels are identified with the worst margins. Step 212 provides that the channel 
with the best margin in the communications system is identified. 

Steps 214-224 are the same for the worst search state and the best search state. Step 214 
provides that the flag is checked. In one implementation, the status flag correspond to 
bSearchComplete and bSwapFound. If in step 214, either of the two flags is true, the value of 
bSwapFound is returned. The bSwapFound will differ in value from its initial value if the method 
in FIGS. 2 A and 2B can allow a bit and gain or gain-only swap to be performed in a manner that 
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satisfies constraints on the communications system, while reducing margin differences between 
two communication channels. This bSwapFound value is what is detected in steps 120 and 140. 

In step 216, a difference between the best and worst margins is determined. This 
difference may be identified by: 

Equation ( 1 ) Diff = BestMargin - WorstMargin 

In Equation (1), BestMargin is the best margin value of all the channels identified in steps 
206 and 208, or in steps 210 and 212. WorstMargin is the worst margin value of all the channels 
identified in steps 206 and 208, or in steps 210 and 212. 

In step 218, another determination is made as to whether the margin difference Diff is less 
than a threshold amount. If the determination is positive, the procedure exits. This step 
safeguards from making a bit or gain swap with no measurable benefit to the margin of any 
channel in the system. The threshold amount may be a design parameter, or specified by the user. 

In step 220, the bit and gain assignments existing on the best and worst channels are 
identified. In one embodiment, values for four variables are obtained: (1) the number of bits 
("WorstBits") of the channel identified in steps 206 and 208, or in 210 and 212, as having the 
worst margin; (2) the number of bits ("BestBits") of the channel identified in steps 206 and 208, 
or in 210 and 212, as having the best margin; (3) the gain value ("WorstGain") of the channel 
identified in steps 206 and 208, or in 210 and 212, as having the worst margin; and (4) the gain 
value ("BestGain") of the channel identified in steps 206 and 208, or in 210 and 212, as having 
the best margin. 

In step 222, the maximum gain change ("MaxGainChange") and the minimum gain 
change ("MinGainChange") are computed based on bit and gain assignments identified from step 
220. MaxGainChange maybe determined from the following equations: 

Equation (2) MaxGainChange=floor(MaxGain+min(-Worstgain, Bestgain)) 

Equation (3) MinGainChange=ceil(MinGain+max(-WorstGain, BestGain)) 

In Equation (2), MaxGain is equal to , a gain constraint of the communications 
system. The term "floor" refers to the floor function, and the term "ceil" refers to the ceiling 
function. In Equation (3), MinGain is equal to , another gain constraint of the 
communications system. 
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In step 224, a determination is made as to whether the current bit assignment are within 
bit assignment constraints of the communications system. Specifically, one embodiment provides 
that this determination is expressed by: 

Equation (4) WorstBits > MinBitsPerTone & BestBits<MaxBitsPerTone 

The terms "MinBitsPerTone" and "MaxBitsPerTone" refer to bit constraints and 
^max • If determination provided by Equation(4) cannot be satisfied, then the implication is that 
bits cannot be added or subtracted from the pair of channels in question. Those channels would 
be carrying bits that are right at the bit constraint for the system. 

If the determination in step 224 is false, meaning at least one of the channels is carrying 
bits right at the bit constraint, then the method attempts to do only a gain exchange between the 
pair of channels with no bit exchange. This process is illustrated in FIG. 2C. 

If the determination in step 224 is true, then bits may be swapped between the two 
channels in question. The method will then determine as to whether a bit and gain exchange has a 
better outcome than a gain only exchange for the pair of channels. This process is illustrated in 
FIG. 2B. 

FIG. 2B illustrates a process for implementing a bit and/or gain exchange, under an 
embodiment of the invention. According to one implementation, steps performed in FIG. 2B are 
applicable for the worstljest exchange once a determination (such as shown in step 224 of FIG. 
2A) is made that bits can be exchanged between two communication channels. As described, step 
232 of the process shown by FIG. 2B is intended to follow step 224 of the process shown in FIG. 
2A. 

In step 232, the margin difference (Gap) between the two communication channels is 
computed, should the bit swap actually take place. The following equation may apply: 

Equation (5) Gap = Diff +c(BestBits) -c(Bestbits+l) -(c(WorstBits) 

-c(WorstBits-l)) 

Equation (5) is in log scale, and is application of the equation g + SNR - T = c(b) . 
Equation (5) assumes that the bit swap will take place by adding a bit to the channel having the 
best margin, and taking a bit from the channel having the worst margin. This will serve the 
purpose of reducing the margin on the best channel (carrying BestBits), and increasing the 



52637-0035 



-12- 



margin on the worst channel (carrying WorstBits) so that the margin of the two channels equalize 
towards one another. 

In step 234, the change in gain (GainDelta) is calculated for when the bit swap occurs. 
This may be accomplished by averaging the difference of the margin between the two channels, 
while rounding up the margin. The following express may apply: 

Equation (6) GainDelta = floor(Gap/2 +1/2) 

In step 236, a determination is made as to whether the computed gain change would be 
within the gain constraint range of the communications system. 

If the determination in step 236 is negative, then step 238 provides that the gain change is 
re-computed so as to comply with the gain constraint of the communications system. Steps 236 
and 238 may be performed using one set of expressions which compare and adjust the gain 
change: 

Equations (7) GainDelta = min(GainDelta, MaxGainDelta) 

GainDelta = max(GainDelta, MinGainDelta) 

GainDelta = min(GainDelta, MaxGainChange) 

GainDelta = max(GainDelta, MinGainChange) 
Step 240 provides that the margin difference after the gain change is recomputed to 
account for the gain change, should the bits be exchanged between the two channels. The 
following expression may be used to recomputed the margin difference: 

Equation (8) Gap = Gap -2GainDelta 

If the determination in step 236 is negative, then no gain adjustment is necessary. Prior to 
step 242, no bit or gain exchange is conducted. The determinations and computations are made 
on the assumption that the bit swap and accompanying gain exchange took place. 

Following either step 236 or step 240, step 242 provides that the bit swap flag is triggered. 
The difference in margins between the two channels before the bit swap is greater than the 
difference in margin between the two channels after the bit swap. The variable bSwapFound is 
set when |Gap| < |Diff|. This indicates that the bit swap and accompanying gain exchange is 
feasible between the two communication channels. That is, no gain or bit constraints are tripped 
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in making the bit exchange between the two channels. Furthermore, the margin is determined to 
improve on at least one of the communications channels involved in the swap. 

In steps 244-250, a determination is made as to whether a pure gain exchange is better 
than the bit swap and gain exchange. That is, the determination is made as to whether the margins 
of the two channels being compared may be equalized even more if only a gain exchange is 
conducted, rather than a bit and gain exchange. 

Accordingly, in step 244, the gain change to the channels may be calculated using the 
following expression: 

Equation (9) GainDelta2=floor(Diff/2-fl/2) 

In step 246, the gain constraints on the communications system are determined and 
possibly adjusted so as to satisfy gain constraints after making the gain exchange. Accordingly, 
the following equations maybe implemented in order to determine whether making a gain-only 
exchange is better than a bit and gain exchange for equalizing the margins: 

Equations (10) GainDelta2 = min(GainDelta2, MaxGainDelta) 

GainDelta2 = min(GainDelta2, MaxGainChange) 
GainDelta2 = max(GainDelta2, MinGainChange) 

As shown by the Equations (10), the gain change to the channels is adjusted, if necessary, 
so as to meet the gain constraints on the communications system. 

In step 248, a new margin (Gap2) is computed based on making a gain exchange, without 
making a bit exchange. In step 250, a determination is made as to whether the gain-only 
exchange equalized the margins of the two communications channels better than the bit and gain 
exchange. In other words, a determination is made as to whether Gap2<Gap. 

If the determination in step 250 is that Gap2<Gap, step 252 provides that the gain-only 
exchange is made between the two channels. If the determination in step 250 is that Gap<Gap2, 
then step 254 provides that a bit and gain exchange is implemented between the channels. 
Following either step 252 or step 254, the margins are updated for the two channels in step 256. 

In step 258, a determination is made again as to whether the worst margin or best margin 
swap is being performed. If worst margin swap is being performed, step 260 provides that the 
channel with the next best margin is identified from the selected n channels. Following step 260, 
the method as recited in FIG. 2A-2B is repeated, at the portion beginning with step 214. The 
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index of n channels selected in step 206 is iterated so that the channel with the next biggest 
margin selected. The flag bSearchComplete for indicating completion of the process is set to 
reflect the change in the index of n channels where the next best channel has been selected. 

If best margin swap is being performed, step 262 provides that the channel with the next 
worst margin is identified from the selected n channels. Following step 260, the method as 
recited in FIG. 2A-2B is repeated, at the portion beginning with step 214. The index of n 
channels selected in step 210 is iterated so that the channel with the next worst margin selected. 
The flag bSearchComplete for indicating completion of the process is set to reflect the change in 
the index of n channels where the next worst channel has been selected. 

The worst margin swap and best margin swap processes are complete when one of two 
conditions are satisfied. Either a swap is performed, or the worst/best margin swap is iterated 
through the set of n channels selected in steps 206 or 210 with no swap performed. In the first 
case, once it is determined that a swap can be performed, the bSwapFound flag is made "TRUE" 
(or otherwise made the opposite of its initial value). In the second case, bSearchComplete is set to 
a value (i.e. "TRUE") indicating that all n channels selected in steps 206 and 210 have been 
checked and no swap was found to be feasible or possible. 

In an implementation described with FIGS. 2A and 2B, the bSwapFound and 
bSearchComplete flags are returned to step 214. For example, if the worst margin search state 
exists, then bSwapFound will return a TRUE value only if a bit and gain, or gain-only swap 
between two channels identified in that method is determined to improve margins between the 
two channels without violating the constraints. Otherwise, once all the channels in step 206 are 
checked, bSearchComplete will return a value of TRUE, but bSwapFound will have a value of 
FALSE. In a method such as described with FIG. 1, the determination of step 120 would be based 
on the value of bSwapFound. If bSwapFound is TRUE, step 122 follows step 120. If 
bSwapFound is FALSE, step 124 follows step 120. 

Similarly, if all the channels in step 210 are checked when the best margin search state 
exists, and bSwapFound remains FALSE, then step 140 in FIG. 1 would be followed by step 144. 
If in the best margin search, bSwapFound returns a TRUE value, then step 142 would follow step 
140. 

FIG. 2C illustrates a process for implementing a gain-only exchange, under an 
embodiment of the invention. According to one implementation, the gain-only exchange may be 
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implemented after determining that a bit exchange would violate bit constraints (as described step 
224 of FIG. 2A). 

Step 270 may follow step 224 of FIG. 2 A. In step 270, a gain-only change is computed 
for the channels being compared. The following relationship may be used: 

Equation (1 1) GainDelta = floor(Diff/2 +1/2) 

This expression states the gain change would be approximately one half the difference in 
gain on the two communication channels. 

In step 272, a determination is made as to whether the gain-only exchange satisfies the 
gain constraints of the communications system. If the determination in step 272 is that the gain 
constraints are not satisfied, step 274 provides that the gain change is adjusted to satisfy the gain 
constraints on the communications system. Steps 272 and 274 may be implemented 
simultaneously using Equations (7). 

Following steps 272 and 274, step 276 provides that the margin difference is recomputed 
should the gain-only exchange take place. The following equation maybe used to compute the 
margin should the gain-only exchange take place: 

Equation (12) Gap2=Diff-2GainDelta 

In step 278, a determination is made as to whether the gain-only exchange would improve 
the margin difference between the communication channels if the new margin difference is less 
than the margin difference between the communications channel prior to the gain-only exchange. 
This determination may be represented by the expression: 

Equation (13) |Gap2|<|Diff|. 

If the determination in this step is that the margin difference between the communications 
channel is not improved, step 280 provides that no gain change is to take place. 

Otherwise, if the determination in step 278 is positive, then step 282 provides that the 
gain change is made. In one implementation, variable bSwapFound is triggered TRUE when 
|Gap2|<|Diff]. 

Step 284 provides that the margins are updated after the gain-only exchange. 
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Next, step 286 makes a determination as to whether the worst or best margin exchange is 
being performed. Steps 288 and 290 parallel steps 260 and 262. Following steps 288 or 290, the 
method is repeated at step 214, in FIG. 2 A. 

4.0 UNBALANCED MARGIN BIT/GAIN ALLOCATION PROCESS 

FIG. 3 illustrates a method for performing the unbalanced search and swap, under an 

embodiment of the invention. Steps in FIG. 3 may be performed as a result of a determination in 

step 1 10 (FIG. 1) that the search state is "unbalanced". 

In step 304, the average margins on channels carrying non-zero bits is computed. Step 

308 provides that the upper unbalanced gain level and the lower unbalanced gain level is set. 

These levels may be dictated by thresholds of the standard being employed, or by capabilities of 

the communication channels and/or equipment. Alternatively, these levels maybe user-specified. 

In one implementation, the upper unbalanced gain is defined as 1 .5dB. The lower unbalanced 

gain is defined as -1 .5dB. 

In step 312, the minimum and maximum number of bits on any of the active channels is 
defined. 

In step 316, initial flag and index variables are set for executing the method. Among other 
functions, the flag variables return information for search state information. These flag variables 
may initially be set as bTypel=FALSE, bType2=FALSE. 

In step 320, the active channels of the communications system are iterated through in 
order to determine if a Type 1 channel exists. The Type 1 channel corresponds to a channel 
having a gain value equal to the upper unbalanced gain limit. The iterations may be performed by 
tracking the index variable, and iterating the index variable to identify active channels in the 
communications system sequentially. 

In step 324, a determination is made as to whether a Type 1 channel was identified in the 
communications channels. In one embodiment, the determination in step 324 requires three 
separate determinations. First, the gain of the identified channel is determined to exceed the 
upper unbalanced gain level. Second, the bits carried on the identified channel exceed the 
minimum number of bits defined in step 312. Third, the margin of the identified channel is 
determined to be less than the average margin, minus some threshold value, as shown by the 
following equation: 
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Equation (14) margin[channel]<(average margin of all channels)-0.5 

In the expression provided above, the threshold may be a design or user-specified 
parameter. The value 0.5 is used for this example. 

If the determination in step 324 is negative, then step 328 provides that flag variable 
bTypel is returned with the value FALSE. If the determination in step 324 is positive, then step 
332 provides that the flag variable bType2 is TRUE. 

Steps 336-348 repeat the steps 320-332 for another communication channel that satisfies 
the lower unbalanced gain level. In step 336, the active channels of the communications system 
are iterated through for a channel that qualifies as a Type 2 channel. The Type 2 channel 
corresponds to a channel having a gain value equal to the lower unbalanced gain level. The 
iterations may be performed by tracking the index variable, and iterating the index variable to 
identify active channels in the communications system sequentially. 

In step 336, a determination is made as to whether a Type 2 channel was identified in the 
communications channels. In one embodiment, the determination in step 336 requires three 
separate determinations. First, the gain of the identified channel is determined to be less than the 
lower unbalanced gain level. Second, the bits carried on the identified channel are less than the 
maximum number of bits defined in step 312. Third, the margin of the identified channel is 
determined to be greater than the average margin, plus some threshold value, as shown by the 
following equation: 

Equation (15) margin[channel]>(average margin of all channels)+0.5 

If the determination in step 336 is that the Type 2 channel was not found in the active 

channels of the communications system, step 344 provides that the flag variable Type 2=FALSE. 

If the Type 2 channel was identified, step 348 provides that the variable bType2 = TRUE. 
Step 352 provides that the bits and the margin of the identified Type 1 and Type 2 

channel are determined. 

Next, in step 356, the margin is updated to account for a bit swap between the two 

channels. This margins may be updated using the following: 

Equations (16) NewMarginl=MarginH-c(TypelBits)-c(TypelBits-l)-2 

NewMargin2=Margin2+c(Type2Bits)-c(Type2Bits+l)+2 
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As shown by Equations (16), the margin is computed using the assumption that one bit 
will be subtracted from the Type 1 channel and added to the Type 2 channel. 

In step 360, a determination is made as to whether the new margin is better than the old 
margin. This determination may be made through the following expression: 

Equation (17) min(NewMarginl, NewMargin2)>min(Marginl, Margin2) 

If the determination in step 360 is not true, a FALSE value is returned in step 364. This 

indicates that no bit swap should be performed, because no improvement in margin would result. 
If the determination in step 360 is positive, then step 368 performs the bit swap. The 

identified Type 1 channel loses a bit and some gain. The Type 2 channel gains a bit and some 

gain. The gain lost and gained by the Type 1 and Type 2 channels is set to be 2dB, although other 

amounts of gain could be exchanged. 

Step 368 is followed by step 320, which repeats the process given the bit swap made to 

the communication channels. If after step 364, the FALSE value is returned again, the method is 

done. 

In an embodiment, once one of the flag variables, bType 1 or bType 2 is returned a value 
FALSE, the determination is made that the search state should be switched to worst margin. 

5.0 COMMUNICATION SYSTEM FOR ADAPTIVE BIT ASSIGNMENT AND FINE 
GAIN VALUE ASSIGNMENT 

FIG. 4 illustrates a communications system for adaptively assigning bits and gain, under 
an embodiment of the invention. In an embodiment, FIG. 4 illustrates discrete multi-channel 
modulation communications system, such as provided by DSL services. Specific examples of 
such systems include ADSL and G.Lite services. 

As shown by FIG. 4, a communications system 400 includes a receiver 410 coupled to a 
transmitter 430 via a communication medium 440. The components of system 400 are shown in 
FIG. 5 for illustrative purposes. In actuality, the communications system 400 may include several 
transmitters and receivers and other components. 

The communication medium 440 may carry discrete, multi-channel modulation signals, as 
used in DSL communications systems. Typically, the communication medium 440 includes a set 
of twisted-pair telephone wires. The communication medium may include a control channel 442 
to forward control instructions and information from the receiver 410 to the transmitter 430. In 
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this way, the receiver obtains information about data coming from transmitter 430, and can then 
configure the transmitter accordingly. 

In an embodiment, receiver 410 includes a control module 420 for making determinations 
and implementations on adaptive bit assignment and fine gain setting. As used herein, a module 
may include a program, a subroutine, a portion of a program, a software component or a 
hardware component capable of performing a stated task or function. A module can exist on a 
hardware component such as a server independently of other modules, or a module can exist with 
other modules on the same server or client terminal, or within the same program. The control 
module 420 may implement methods and processes described with FIGS. 1-3 in order to make 
adaptive bit and fine gain assignments, as described with embodiments of the invention. 

The control module 420 maybe implemented external to receiver 410, such as on a stand- 
alone computer that interfaces with the receiver. Alternatively, control module 420 maybe 
incorporated into the transmitter 430, either partially or entirely. 



6.0 IMPLEMENTATION SYSTEMS 

The approach for assigning bits and fine gain values to channels of a discrete, multi- 
channel modulation communications system maybe implemented in a wide variety of network 
types and contexts. 

FIG. 5 is a block diagram that depicts a computer system 500 upon which an embodiment 
of the invention may be implemented. Computer system 500 includes a bus 502 or other 
communication mechanism for communicating information, and a processor 504 coupled with bus 
502 for processing information. Computer system 500 also includes a main memory 506, such as a 
random access memory (RAM) or other dynamic storage device, coupled to bus 502 for storing 
information and instructions to be executed by processor 504. Main memory 506 also may be used 
for storing temporary variables or other intermediate information during execution of instructions 
to be executed by processor 504. Computer system 500 further includes a read only memory 
(ROM) 608 or other static storage device coupled to bus 502 for storing static information and 
instructions for processor 504. A storage device 510, such as a magnetic disk or optical disk, is 
provided and coupled to bus 502 for storing information and instructions. 

Computer system 500 may be coupled via bus 602 to a display 612, such as a cathode ray 
tube (CRT), for displaying information to a computer user. An input device 514, including 
alphanumeric and other keys, is coupled to bus 502 for communicating information and command 
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selections to processor 504. Another type of user input device is cursor control 516, such as a 
mouse, a trackball, or cursor direction keys for communicating direction information and command 
selections to processor 504 and for controlling cursor movement on display 512. This input device 
typically has two degrees of freedom in two axes, a first axis (e.g., x) and a second axis (e.g., y), 
that allows the device to specify positions in a plane. 

Embodiments of the invention relate to the use of computer system 500 for adaptively 
assigning bits and fine gain values to channels of a discrete, multi-channel modulation 
communications system. According to one embodiment, adaptively assigning bits and fine gain 
values to channels of a discrete, multi-channel modulation communications system is provided 
by computer system 500 in response to processor 504 executing one or more sequences of one or 
more instructions contained in main memory 506. Such instructions may be read into main 
memory 506 from another computer-readable medium, such as storage device 510. Execution of 
the sequences of instructions contained in main memory 506 causes processor 504 to perform the 
process steps described herein. One or more processors in a multi-processing arrangement may 
also be employed to execute the sequences of instructions contained in main memory 506. In 
alternative embodiments, hard-wired circuitry may be used in place of or in combination with 
software instructions to implement the invention. Thus, embodiments of the invention are not 
limited to any specific combination of hardware circuitry and software. 

The term "computer-readable medium" as used herein refers to any medium that 
participates in providing instructions to processor 504 for execution. Such a medium may take 
many forms, including but not limited to, non-volatile media, volatile media, and transmission 
media. Non-volatile media includes, for example, optical or magnetic disks, such as storage device 
510. Volatile media includes dynamic memory, such as main memory 506. Transmission media 
includes coaxial cables, copper wire and fiber optics, including the wires that comprise bus 502. 
Transmission media can also take the form of acoustic or light waves, such as those generated 
during radio wave and infrared data communications. 

Common forms of computer-readable media include, for example, a floppy disk, a 
flexible disk, hard disk, magnetic tape, or any other magnetic medium, a CD-ROM, any other 
optical medium, punch cards, paper tape, any other physical medium with patterns of holes, a 
RAM, a PROM, and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier 
wave as described hereinafter, or any other medium from which a computer can read. 

Various forms of computer readable media may be involved in carrying one or more 
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sequences of one or more instructions to processor 504 for execution. For example, the 
instructions may initially be carried on a magnetic disk of a remote computer. The remote 
computer can load the instructions into its dynamic memory and send the instructions over a 
telephone line using a modem. A modem local to computer system 500 can receive the data on the 
telephone line and use an infrared transmitter to convert the data to an infrared signal. An infrared 
detector coupled to bus 502 can receive the data carried in the infrared signal and place the data on 
bus 502. Bus 502 carries the data to main memory 506, from which processor 504 retrieves and 
executes the instructions. The instructions received by main memory 506 may optionally be stored 
on storage device 5 1 0 either before or after execution by processor 504. 

Computer system 500 also includes a communication interface 518 coupled to bus 502. 
Communication interface 518 provides a two-way data communication coupling to a network 
link 520 that is connected to a local network 522. For example, communication interface 518 
may be an integrated services digital network (ISDN) card or a modem to provide a data 
communication connection to a corresponding type of telephone line. As another example, 
communication interface 5 1 8 may be a local area network (LAN) card to provide a data 
communication connection to a compatible LAN. Wireless links may also be implemented. In 
any such implementation, communication interface 618 sends and receives electrical, 
electromagnetic or optical signals that carry digital data streams representing various types of 
information. 

Network link 520 typically provides data communication through one or more networks 
to other data devices. For example, network link 520 may provide a connection through local 
network 522 to a host computer 524 or to data equipment operated by an Internet Service 
Provider (ISP) 526. ISP 526 in turn provides data communication services through the 
worldwide packet data communication network now commonly referred to as the "Internet" 528. 
Local network 6522 and Internet 528 both use electrical, electromagnetic or optical signals that 
carry digital data streams. The signals through the various networks and the signals on network 
link 520 and through communication interface 5 1 8, which carry the digital data to and from 
computer system 500, are exemplary forms of carrier waves transporting the information. 

Computer system 500 can send messages and receive data, including program code, 
through the network(s), network link 520 and communication interface 518. In the Internet 
example, a server 530 might transmit a requested code for an application program through 
Internet 528, ISP 526, local network 522 and communication interface 618. In accordance with 
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the invention, one such downloaded application provides for assigning bits and fine gain values 
to channels of a discrete, multi-channel modulation communications system as described herein. 

The received code may be executed by processor 504 as it is received, and/or stored in 
storage device 510, or other non- volatile storage for later execution. In this manner, computer 
system 500 may obtain application code in the form of a carrier wave. 

In the foregoing specification, the invention has been described with reference to specific 
embodiments thereof. However, various modifications and changes may be made thereto without 
departing from the broader spirit and scope of the invention. The specification and drawings are, 
accordingly, to be regarded in an illustrative sense rather than a restrictive sense. 
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